Background. Salmonella 4, [5] ,12:i:-, a worldwide emerging pathogen that causes many food-borne outbreaks mostly attributed to pig and pig products, is expanding in the United States Methods. Whole-genome sequencing was applied to conduct multiple comparisons of 659 S. 4, [5] ,12:i:-and 325 Salmonella Typhimurium from different sources and locations (ie, the United States and Europe) to assess their genetic heterogeneity, with a focus on strains recovered from swine in the US Midwest. In addition, the presence of resistance genes and other virulence factors was detected and the antimicrobial resistance phenotypes of 50 and 22 isolates of livestock and human origin, respectively, was determined.
in the United States, and their relationship to European strains. We applied whole-genome sequencing (WGS) to compare S. 4, [5] ,12:i:-from livestock in the US Midwest with both local S. Typhimurium from livestock (analysis A) and S. 4, [5] ,12:i:-from different sources in the United States and Europe (analysis B). We also compared a subset of S. 4, [5] ,12:i:-from analysis B with S. Typhimurium collected in the United States and Europe (analysis C) to investigate the possible ancestral origin of the United States S. 4, [5] ,12:i:-isolates. We then determined the AMR genotypes and the presence of other virulence factors that could help explain the emergence of this serotype in the United States.
MATERIALS AND METHODS

Study Population
Isolates were obtained from two main sources. The first source was Salmonella isolates from livestock, cultured at the Minnesota Veterinary Diagnostic Laboratory (MVDL) from clinical samples originating mainly from the US Midwest (ie, Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and Wisconsin). These included (1) S. 4, [5] ,12:i:-(n = 51), recovered in 2014-2015, and (2) S. Typhimurium (n = 179), recovered in 2000-2012 (Table 1 ). All isolates were identified to the serogroup level at the MDVL and then serotyped at the National Veterinary Diagnostic Laboratories in Ames, Iowa. The Illumina-MiSeq platform was used for WGS at the Minnesota Department of Health (MDH), and WGS reads were retrieved directly.
The second source was genomic data documented previously; these included Salmonella 4, [5] ,12:i:-: Using our search criteria (Supplementary file 1), 537 WGS sequences recovered from multiple sources through surveillance programs and outbreak investigations from 1991 to 2016 in the United States and Europe were obtained from the National Center for Biotechnology Information (NCBI) Web site, including their metadata. European isolates were described by Petrovska et al [9] . In addition, the sequences of all 71 isolates sequenced by the MDH in 2016 were obtained directly from the MDH, including 69 human and 2 swine isolates collected in 2008-2009 (n = 2), 2010-2013 (n = 19), and 2014-2016 (n = 50). The second source also included S. Typhimurium; 146 sequences from multiple sources collected from 2002 to 2016 in the United States and Europe were obtained from the NCBI Web site, including their metadata.
The phenotypic resistance to 15 and 12 antimicrobials (Supplementary Table S1 ) was available for 50 and 22 S. 4, [5] ,12:i:-isolates of livestock (MVDL) and human (MDH) origin, respectively. The Sensititre automated dilution system (Trek Diagnostic Systems) was used. Clinical and Laboratory Standards Institute methods and clinical break points for the minimum inhibitory concentrations [18] were used for the human and the majority of the livestock antimicrobial panel, as described elsewhere [19] .
Data Analysis
We compared the WGS reads of the 51 MVDL S. 4, [5] ,12:i:- (Table 1) with the 179 MVDL S. Typhimurium (analysis A); 
De Novo Genome Assembly
In all analyses, de novo genome assembly was conducted using the "A5-miseq" pipeline [24] . For analyses A and B, the presence of acquired AMR genes, plasmid replicons, and multilocus sequence types were determined using the "bacterial analysis pipeline" (https://cge.cbs.dtu.dk/services/; Supplementary  Table S2 ). In addition, phenotypic resistance to specific antimicrobials was predicted based on previous knowledge about gene presence and resistant phenotypes in Salmonella [25] [26] [27] . A genotypic ASSuT profile was defined as the simultaneous presence of bla TEM-1 , strA, strB, sul2, and tet(B) genes [16, 17] . Further genotypic characterization (also described in Supplementary file 1) was conducted only for the S. 4, [5] ,12:i:-(analysis B), using the basic local alignment search tool (BLAST) [28] to determine the presence of a set of previously described genes ( Table 2) . Gene alignments were visualized using AliView software (version 1.18 [32] ). A positive BLAST match was defined as ≥90% identity and >60% coverage of the query sequence.
RESULTS
A maximum likelihood phylogenetic tree was constructed using Salmonella recovered from livestock at the MVDL (analysis A; Figure 1 ; between 27 and 1376 pairwise SNPs; median = 683).
Two main clades were identified, with the majority (50 of 51) of S. 4, [5] ,12:i:-(predominantly of swine origin; 48 of 50), included in clade A-I and having a ST34 (90.2%) and ASSuT genotype (80%). The majority (175 of 179) of S. Typhimurium (including 82 of 85 of swine origin) were included in clade A-II. ST19 was predominant (94.4%) in S. Typhimurium, and the ASSuT genotype was found in only 6% of these isolates.
A separate maximum likelihood tree was then constructed using S. 4 Figure S1) : clade B-I included 13 ST19 isolates without the ASSuT genotype, which were previously [9] subdivided in three groups and had been characterized as distinct from the "UK outbreak clade." Clade B-II included 59 isolates previously characterized as part of the 'UK outbreak clade,' of which 80% presented the ASSuT genotype and 98% were ST34.
The sopE gene [9] was found in 45 of 659 of isolates originating from both the United States and Europe, most of which (43 of 45) were in clade B-II (additional genotypic characteristics described in Supplementary file 2).
Incomplete nucleic acid specifications [33] and SNPs leading to nonsynonymous mutations in the chromosomal genes encoding quinolone targets (Table 2 ) gyrA (n = 6), gyrB (n = 10), parC (n = 7), and parE (n = 11) were found in 32 S. 4, [5] ,12:i:-isolates. Two isolates harbored variants in both gyrA and gyrB sequences simultaneously, one of which also carried a plasmid-mediated quinolone resistance gene (PMQR) qnrB2. Data on phenotypic quinolone resistance was only available for 2 of these isolates, both of which were susceptible. PMQR genes were found in 36 of 659 isolates (5.5%), collected in the United States (n = 35) and Mexico (n = 1). Thirty-four of 36 (94%) belonged to clade B-II, of which 53% were collected from the Midwest. In addition, polymorphisms were found in the ramR (n = 22), soxR (n = 2), marR (n = 10) [30] , and acrR (n = 15) [31] genes that are involved in the regulatory system of efflux pumps and porin diffuse channels. However, phenotypic resistance to quinolones was demonstrated only when these polymorphisms were found in conjunction with PMQR genes (Supplementary file 2).
Among the 72 S. 4, [5] ,12:i:-isolates (of which 88% were collected in the Midwest) subjected to susceptibility testing, 11 of 50 livestock isolates (22%) were resistant to enrofloxacin and harbored either qnrB19 (n = 11), qnrB2 (n = 3) or qnrS1 (n = 1) genes. Nine (18%) were phenotypically resistant to ceftiofur (minimum inhibitory concentration, ≥8 mg/L) and harbored the plasmid-mediated bla CMY-2 (n = 5) or bla SHV-12 (n = 4) genes. None of the 22 isolates of human origin presented phenotypic or genotypic resistance to ciprofloxacin, whereas two had decreased ceftriaxone susceptibility and harbored the plasmid-mediated bla CMY-2 gene. Because different antimicrobial panels are routinely used for animal and human isolates, estimation of phenotypic ASSuT resistance was available only in humans, in which all 22 isolates presented phenotypic and genotypic ASSuT resistance patterns (Supplementary Table S1 ). A third maximum likelihood tree was constructed using a subset of S. [7, 13, 15] .
We demonstrated (analysis A) that the MVDL swine S. Findings of previous studies suggested that S. 4, [5] ,12:i:-from the United States and Europe formed separate clades [15] , with the European clade dominated by multidrug-resistant isolates [5, 8, 10, 14] . However, our analysis (analysis B) demonstrated that the differentiation into clades correlated more closely with the presence of an ASSuT genotype and certain multilocus sequence types than with the geographic origin of the isolates. Two predominant S. The inclusion, even after removal of MVDL and MDH isolates, of all swine samples collected in the United States during 2014-2016 (n = 60) in clade B-II may indicate the likely importance of swine as a potential reservoir of this emerging clade. This, however, could also be the result of submission bias due to higher pathogenicity in swine, as recently reported by the Iowa Veterinary Diagnostic Laboratory [34] and suggested by the MVDL clinical reports (data not shown).
The incidence of Salmonella 4, [5] ,12:i:-in humans has gradually increased, and it is now the second and fifth most common serotype in Europe [35] and in the United States [6] , respectively. Bacterial adaptation to survive in changing conditions may involve mechanisms such as virulence factors, fitness factors, and AMR [36] . Based on our results, the worldwide emergence of S. 4, [5] ,12:i:-may have been mediated at least in part by two mechanisms: (1) AMR, including ASSuT and heavy metal resistance-associated genes (SGI-3 [9] ), which was widely distributed only among clade B-II and (2) virulence/fitness factors, such as those contained in the IncFII(S) virulence plasmid found mainly in clade B-I, and the sopE virulence gene recently described in European isolates [9] and present in United States isolates studied here (mainly in clade B-II).
Quinolones are key antibiotics for treating cases of invasive Salmonella infections in humans [37] . The likely increase in use of injectable enrofloxacin in swine after its approval by the Food and Drug Administration (FDA) for treatment of swine respiratory diseases (2008) and colibacillosis in piglets (2014) [38] might have contributed to the previously described increase in enrofloxacin-resistant Salmonella from swine in the Midwest [19] . Resistance to quinolones is mediated by (1) mutations in the gyrA-gyrB and parC-parE gene pairs, which encode the quinolone target-enzymes DNA gyrase and topoisomerase IV, respectively; (2) acquired PMQR genes; and (3) altered efflux pumps and porin diffusion channels expression [29] . In this study, we observed genetic polymorphisms, potentially leading to resistance to quinolones, for all three mechanisms. To our knowledge, PMQR in Salmonella has been previously reported in the United States, from farm environmental samples [39] and animal products (2014-2015 National Antimicrobial Resistance Monitoring System retail meat interim report. Available at: https://www.fda.gov/AnimalVeterinary/NewsEvents/ CVMUpdates/ucm498038.htm. Accessed 2 May 2017). Here, we found that 13 of 48 MVDL swine isolates harbored qnr genes yet without mutations in the quinolone chromosomal target genes, even though 11 of them were classified as resistant to enrofloxacin (minimum inhibitory concentration, ≥1 mg/L), raising concerns about potential dissemination of these plasmid-associated genes [29] . Given that only isolates with identical WGS reads were removed from analysis, it is possible that >1 isolate from a given outbreak was included in the analysis, because small differences (up to 4 SNPs) have been previously reported among isolates of S. Enteritidis from the same outbreak [40] . Similarly, clustering of S. 4, [5] ,12:i:-was more likely to occur in samples recovered within a short time frame from swine at the MVDL and samples selectively chosen for sequencing during 2016 at the MDH. Even though the presence of such clusters may lead to overrepresentation of their characteristics in the clade, if these were removed the main tree topology would not be affected.
In conclusion, our analyses demonstrate that the MVDL S. 4, [5] ,12:i:-collected from swine in 2014-2015 are part of a well-differentiated multidrug-resistant clade circulating in the United States and Europe, a proportion of which also acquired quinolone resistance in the United States. Further research is needed to determine the factors explaining the overall emergence of this clade in recent years and its apparent adaptation to swine. The risk posed by the latter as a reservoir of human infections may be amplified by the carriage of chromosomal and plasmid-mediated resistance determinants.
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